Abstract. The Bonin Islands provide breeding habitat for many species of seabird, but detailed information on breeding sites is unavailable. Here, we describe the recent species composition of breeding seabirds on 66 islands. A total of 15 species (Diomedea immutabilis, D. nigripes, Pterodroma hypoleuca, Bulweria bulwerii, Pu$nus pacificus, Oceanodroma tristrami, O. matsudairae, Phaethon rubricauda, Sula leucogaster, S. dactylatra, S. sula, Thalasseus bergii, Sterna fuscata, Anous stolidus and A. minutus) was recorded breeding in the Bonin Islands based on field and literature surveys. The sole nesting record of S. sula was on a small island near Haha-jima, where it has failed to breed since a typhoon struck the island. We did not detect Pu$nus lherminieri bannermani, although it bred on Kitaiwo-jima before World War II. S. leucogaster was the most widespread species and bred on 39 islands. The second most widespread species was P. pacificus, which bred on 35 islands. There was a positive relationship between species richness and island area. The distribution of breeding sites may be a#ected by human settlement and introduced species such as feral goats Capra aegagrus. Introduced animals should be controlled to protect the seabird fauna on the islands.
Introduction
The Bonin Islands are oceanic islands located within 20ῐ25῏῍27ῐ43῏N and 136ῐ04῏῍ 153ῐ58῏E. These islands are composed of four main groups, i.e., Mukojima Islands, Chichijima Islands, Hahajima Islands, and Volcano Islands, and three small isolated islands, i.e., Nishino-shima, Minamitori-shima, and Okinotori-shima (Fig. 1) . These islands provide breeding habitat for many species of seabird (Seebohm 1891 , Momiyama 1930 , Yamashina 1930 , Higuchi 1985 .
Fifteen species of seabirds are currently reported to breed in the Bonin Islands (Chiba & Suzuki 2004) . These are composed of two albatrosses, Laysan Albatross (Diomedea immutabilis) and Black-footed Albatross (D. nigripes); four shearwaters, Ogasawara Islands Petrel (Pterodroma hypoleuca), Bulwer's Petrel (Bulweria bulwerii), Wedge-tailed Shearwater (Pu$nus pacificus), and Audubon's Shearwater (Pu$nus lherminieri bannermani); two storm-petrels, Sooty Storm-petrel (Oceanodroma tristrami) and Matsudaira's Storm-petrel (O. matsudairae); one tropicbird, Red-tailed Tropicbird (Phaethon rubricauda); two boobies, Brown Booby (Sula leucogaster) and Masked Booby (S. H. Chiba, K. Kawakami, H. Suzuki and K. Horikoshidactylatra); and four terns, Greater Crested Tern (Thalasseus bergii), Sooty Tern (Sterna fuscata), Brown Noddy (Anous stolidus), and Black Noddy (A. minutus). The Shorttailed Albatross (D. albatrus), Christmas Shearwater (Pu$nus nativitatis), Great Frigatebird (Fregata minor), and White Noddy (Gygis alba) are locally extinct (Yoshihara 1901 , Chiba & Suzuki 2004 . Eight of the species that breed on the islands are considered threatened: D. immutabilis, P. hypoleuca, P. lherminieri bannermani, O. tristrami, O. matsudairae, P. rubricauda, S. dactylatra, and T. bergii (Ministry of the Environment 2002). Furthermore, these islands are the sole breeding area for P. lherminieri bannermani and O. matsudairae (del Hoyo et al. 1992) . Thus, the Bonin Islands are very important for the conservation of seabirds in the western Pacific. Despite the potential high priority for conservation, there is little current information on the distribution of seabirds on the islands. Momiyama (1930) found 13 species breeding on 24 islands. Higuchi (1985) reviewed the distribution of birds on the islands. Hasegawa (1992) found 16 species breeding on 33 islands, while Chiba & Suzuki (2004) listed the aforementioned breeding birds without detailing their breeding distributions. However, these reports are piecemeal and/or do not contain current information. Many of the small islands have never been surveyed for breeding seabirds. The current distribution of breeding populations provides basic and essential information for conservation. Therefore, our purpose was to document the current distribution of seabirds on the islands, including small islands that have not previously been surveyed. We reviewed the distribution of seabirds in detail using exploratory surveys and records from the literature. Additionally, the impacts of human residence and feral goats Capra aegagrus on seabird distributions were examined by regression analysis. The English names and classifications used follow those of the Committee for Check-List of Japanese Birds (2000).
Methods

Field surveys
The Bonin Islands consist of more than 100 islands located about 1,000 km south of the Japanese mainland. The islands are volcanic and their climate is subtropical. Currently, four islands (Chichi-jima (#19), Haha-jima (#27), Iwo-jima (#61) and Minamitori-shima (#65)) are inhabited. Ten additional islands were settled before World War II (WWII; Tsuji 1995a) but are currently uninhabited. The main islands are covered by natural forests (Tsuyama 1970) . The numbers in brackets following island names correspond to the numbers given in Appendix 1.
To confirm the breeding of seabirds, we conducted on-the-ground surveys on 39 islands and observed the presence of breeding seabirds from a ship for 24 other islands where approach or overland travel was too di$cult. Island locations are shown in Figure  1 . We counted and estimated the number of nests of each seabird species. On-the-ground surveys covered the entire area on small islands (῍100 ha), while only coastal areas were surveyed on larger islands. The estimated species abundance on each island was divided into five categories: no pairs, 1ῌ9 pairs (ῌ), 10ῌ99 pairs (ῌῌ), 100ῌ999 pairs (ῌῌῌ), and 1,000ῌ9,999 pairs (ῌῌῌῌ). The name, latitude, longitude, and area of each island and the dates it was surveyed are shown in Appendix 1. The field surveys were conducted from 1992 to 2005.
Literature survey
We reviewed the literature for some islands to complete the list of breeding seabirds because we could not survey Kangoku-iwa (#62), Minamiiwo-jima (#63) and Nishinoshima (#64) and could not confirm the breeding of some species on other islands. We reviewed literature published after 1968, when the Bonin Islands were released from American occupation because information on breeding seabirds reported prior to 1968 is outdated and possibly no longer correct. The references used were NHK (1978), Kurata & Kaneko (1982) , Tsukamoto (1983) , Hasegawa (1992) , Kawahara (1993) , Tokita & Watanabe (2001) , Kawakami & Fujita (2004) , and Kawakami et al. (2005) .
To compare past and present distributions, we collected breeding records from before WWII. These were obtained from Seebohm (1891) , Yoshihara (1901) , Bryan (1903) , Momiyama (1930) , Yamashina (1930 Yamashina ( , 1932 , Yamashita (1934) , and Kiyosu (1978) .
Impacts of human disturbance
To examine the impacts of human activity on seabird distributions, the species richness of each island was tested by multiple regression analysis based on records of disturbance. Disturbed islands were defined as islands that experienced human settlement and/or feral goat introduction. Islands were classified based on information from Tsuji (1995a, for human settlement) and Hasegawa (1992, for feral goats). Furthermore, we examined the relationship between the current number of breeding seabird species and the area of each island for undisturbed and disturbed islands. Seventeen and 14 islands were classified as disturbed by feral goats and human settlement, respectively (Appendix 1). Of the former islands, goats were exterminated prior to 1992 on seven islands (Kitano-shima (#1), Hyotan-jima (#16), Minami-jima (#22), Muko-jima (#37), Katsuodori-jima (#40), Hira-shima (#45) and Ane-jima (#46); Hasegawa 1992). We used multiple regression analysis to assess the influences of island size, goat introduction and human settlement on species richness. Independent variables were log-transformed island size and dummy variables for the existence of feral goats and human settlements.
Results
We confirmed recent breeding of 15 species on 54 islands using field surveys and literature reviews, including one instance of breeding by the Red-footed Booby S. sula (Appendix 1). The field survey indicated a high possibility of seabirds breeding on two islands (Nihon-iwa (#48) and Iwo-jima (#61)), but we could not confirm this. On 10 other islands, we did not detect any breeding seabirds. Breeding activity by P. nativitatis, P. lherminieri bannermani, F. minor and G. alba was not detected on any island except for literature records before WWII (Bryan 1903 , Momiyama 1930 .
Albatrosses
D. nigripes bred on 11 of the Mukojima Islands and 2 of the Hahajima Islands, whereas it recently became locally extinct on 4 of the Mukojima Islands. This species has been observed on the Hahajima Islands for about the last 5 years. Before WWII, this species was reported to breed on at least 11 islands (Bryan 1903 , Momiyama 1930 ). In addition, Momiyama (1930) found that it bred on small islands near Yome-jima (#10), Haha-jima (#27), and Ane-jima (#46), although the exact site is unclear. It bred at Nishino-shima (#64) before 1969 (Momiyama 1930 , Asami et al. 1970 , but went extinct after a volcanic eruption in 1973; the population has not yet been reestablished (Kurata & Kaneko 1982 , Kawakami et al. 2005 .
D. immutabilis was detected on two of the Mukojima Islands. The population was first found at Tori-shima (#5) in 1976 (Kurata 1978) . It consisted of about 10ῌ20 pairs and has been stable for the last two decades (Oka 1995, H. Suzuki unpublished data) . The species was reported to breed on Minamitori-shima (#65) before 1902 (Bryan 1903) .
Although D. albatrus formerly bred on at least two islands (Kitano-shima (#1) and Nishino-shima (#64) 
Shearwaters
Although P. hypoleuca had been recorded at Kitano-shima (#1) and Minamiiwo-jima (#63, NHK 1978, Tsukamoto 1983), we did not detect this species in our surveys at Kitano-shima (#1) in 2004 and 2005. Before WWII, this species bred on six islands (Momiyama 1930) .
B. bulwerii was found on 11 islands, including two islands from the literature records (Tsukamoto 1983, Kawakami et al. 2005) . Seven of these islands had not been previously reported as B. bulwerii habitat. The largest populations were observed on Higashi-jima (#20) and Minami-jima (#22). This species bred on five islands before WWII (Seebohm 1891 , Momiyama 1930 , Kiyosu 1978 , but no recent breeding has been recorded on three of these islands, including Iwo-jima (#61), where Yamashita (1934) noted many individuals of this species.
P. pacificus was found on 35 islands, and it may have bred on four additional islands. Its activity on Uratakane (#36), Ane-jima (#46), Kitaiwo-jima (#60), and Iwo-jima (#61) indicates that it may be breeding on those islands. The breeding site on Haha-jima (#27) was recently destroyed by feral cats Felis catus (H. Suzuki unpublished). Previously, P.
pacificus was reported to breed on 24 islands (Bryan 1903 , Momiyama 1930 , Kiyosu 1978 , but it has disappeared from five of these.
Storm-petrels
O. tristrami bred on six islands, including one island based on a literature record (Kawakami et al. 2005) ; three of these were new-found. It was not detected on the Volcano Islands, where the species bred before WWII (Momiyama 1930) . O. matsudairae was recently reported to occur only at Minamiiwo-jima (#63; Tsukamoto 1983), while the sole record before WWII was on Kitaiwo-jima (#60; Momiyama 1930).
Tropicbirds
P. rubricauda bred on Kitaiwo-jima (#60) and was described as breeding on three other islands (Kurata & Kaneko 1982 , Tsukamoto 1983 , Kawahara 1993 . Dozens of individuals of this species were observed flying to and from Minamiiwo-jima (#63) on 11 July 2003 (H. Suzuki unpublished). The only breeding record of this species at Nishinoshima (#64) was made in 1981 (Kurata & Kaneko 1982) .
Boobies
S. leucogaster bred on 39 islands, but it recently became extinct on Haha-jima (#27) because of predation by feral cats (H. Suzuki unpublished). Although this species bred on six other islands in the past (Seebohm 1891 , Bryan 1903 , Momiyama 1930 , it has since disappeared from them. Nishino-shima (#64) had a breeding population of S. dactylatra (Kawakami et al. 2005) .
One individual S. sula nested on Shihon-iwa (#34) in 1997. However, the nest was destroyed by a typhoon and there have been no breeding records since then. Dozens of adults were perched in trees on Kitaiwo-jima (#60) on 30 April 1998, 10 July 2001, 21 June and 12 July 2003, and 12 September 2004. Because these sites are di$cult to approach, their breeding status was not confirmed.
Terns
T. bergii bred only on Nishino-shima (#64; Kawakami et al. 2005) . S. fuscata bred on three islands (Kawahara 1993 , Tokita & Watanabe 2001 , Kawakami et al. 2005 . A. minutus has not recently been detected on any island other than Kangoku-iwa (#62; Tokita & Watanabe 2001), although it bred only on Minamitori-shima (#65) before WWII (Bryan 1903) .
A. stolidus bred on nine islands. Furthermore, there was a high possibility of it breeding on Nihon-iwa (#48) and Nabe-iwa (#55), but this could not be confirmed. Individuals observed from a distance appeared to be incubating eggs on these islands. Breeding was recently documented on Kangoku-iwa (#62) for the first time (Tokita & Watanabe 2001) . This species was recorded on only two islands (Bryan 1903 , Momiyama 1930 .
Impacts of human disturbance
Species richness had the following relationship with island size and the disturbance factors; y῎0.736 log(x 1 )῍0.763(x 2 )῍1.575(x 3 )ῌ1.919, where x 1 is island size, x 2 is the presence of feral goats, and x 3 is the existence of human settlement (r 2 ῎0.142, P῎0.023).
No multicollinearity was detected. Species richness was positively correlated with island size (standardized partial regression coe$cient (SPRC)῎0.559, F῎9.676, P῎0.003), while it was negatively correlated with the presence of feral goats (SPRC῎῍0.205, F῎ 2.253, P῎0.138) and human settlements (SPRC῎῍0.396, F῎5.636, P῎0.021).
The species-area relationship is shown in Figure 2 . On undisturbed islands, the number of species increased with island size (y῎1.174 log (x)ῌ1.895, r 2 ῎0.314, P῏ 0.001). Most of the islands disturbed by feral goats and human settlement (88 and 100%, respectively) fell beneath the regression line, showing the lower species richness of these islands. The two islands that fell above the line were those on which feral goats had been eradicated prior to 1992 (Hasegawa 1992) .
Discussion
We confirmed the recent breeding records of 15 species in the Bonin Islands, including one nest of S. sula. Seabird diversity was the highest on Nishino-shima (#64) in recent years, where 9 species were confirmed to breed, while Minamitori-shima (#65) was the most diverse when past records were included. These two islands have similar characteristics; both are flat and mainly consist of open area. These conditions might help increase diversity because albatrosses, boobies, and terns prefer to breed in open habitats, sometimes in the shade of plants (Harrison 1990) .
The northwestern Hawaiian Islands, which are at latitudes overlapping those of the Bonin Islands, have 18 seabird species (Harrison 1990) . Thirteen of these species also breed in the Bonin Islands. In spite of their similar species composition, the Hawaiian and Bonin islands di#er in the population size of each species. Although each island is relatively small, the absolute population size is larger in the northwestern Hawaiian The Distribution of Seabirds in the Bonin Islands, Southern Japan
Islands. For example, more than 1 million birds of 17 species are estimated to breed on Laysan Island, which is the largest of the islands (about 400 ha, Harrison 1990 ). The northwestern Hawaiian Islands contain several coral islands, providing open habitats for seabird breeding (Harrison 1990 , Tickell 2000 . The environmental conditions might result in the larger population sizes. The main Bonin Islands are mainly covered by natural forests, which might result in relatively smaller populations (Tsuyama 1970).
Albatrosses Based on our results, the distribution of D. nigripes decreased at some point, but has since expanded in the Hahajima Islands. Past local extinctions may have been caused by habitat disturbance because their eggs were previously used as a food source (Yamashita 1934) . Their distribution appears to have changed little in recent years. However it may be unstable because the population is very small.
It is unknown why D. immutabilis has not experienced a population increase since its establishment in 1976. As the breeding population in the Mukojima Islands included an individual banded as a chick on Pearl and Hermes Reef, the newly established population was thought to have originated from the Midway Islands (Harrison 1990 ).
We recently observed several D. albatrus, but only on Yome-jima (#10). This species was locally extinct in the Bonin Islands before WWII because of overexploitation for feathers and meat (BirdLife International 2001). Yome-jima (#10) should be protected as a reserve for the future reestablishment of this species.
Shearwaters
Our results suggest that P. hypoleuca has experienced a range contraction. Deforestation might have caused this because P. hypoleuca breeds in forest habitats on Minamiiwojima (Tsukamoto 1983). We cannot, however, deny the possibility of recent breeding on the other islands because it often breeds in burrows, which are di$cult to find.
We documented the breeding of B. bulwerii on seven islands for the first time. However, breeding on Iwo-jima (#61) has not been confirmed since WWII. The breeding area might have been disturbed during the war.
P. pacificus had the widest distribution of all the shearwaters. Its current distribution is the same as in literature records before WWII.
We did not detect P. lherminieri bannermani breeding on any island, including Kitaiwo-jima (#60), where it had been recorded prior to WWII. Whereas Shigeta (1998) suggested that this species might breed on Minami-jima (#22), we could not confirm this. Because this species is observed and rescued in the Bonin Islands every year, it likely survives and breeds somewhere near the islands. Minamiiwo-jima (#63) might be its breeding area because the island has not yet been surveyed satisfactorily.
Storm-petrels
We located three additional breeding sites of O. tristrami. Because this species breeds in burrows, these new records may merely reflect a deficiency in past survey e#orts. Thus, we cannot conclude that the distribution of this species is expanding.
The only recent breeding record of O. matsudairae was on Minamiiwo-jima (#63) in 1983 (Tsukamoto 1983). Although both of these Oceanodroma species bred on Kitaiwojima (#60) before WWII, there has been no record of them breeding there since then. Sato (2001) mentioned that roof rats, Rattus rattus, might prey on the eggs of O. matsudairae. Kurata & Kaneko (1982) noted that P. rubricauda bred in January on Nishino-shima (#64), whereas we observed eggs and chicks in July on Kitaiwo-jima (#60). Tsukamoto (1983) reported that P. rubricauda bred in June 1983 on Minamiiwo-jima (#63). The reason for this seasonal di#erence is unknown. It is not clear if this species continues to breed at Nishino-shima (#64) because it was recorded there only once. It is di$cult to land on the island in winter, the reported breeding season, because of rough seas. Except for this island, the distribution of this species has not changed since before WWII.
Tropicbirds
Boobies
The most widely distributed seabird in the Bonin Islands was S. leucogaster. Although it bred on Muko-jima (#4), Ototo-jima (#14), and Ani-jima (#15) in the distant past (Momiyama 1930) , it does not occur there now. On these islands, there are hundreds of introduced goats, which may have disturbed seabird breeding.
S. dactylatra was thought to breed only on Nishino-shima (#64). Breeding was first recorded there in 1991 (Chiba 1991) . Kawakami et al. (2005) thought that four pairs may have bred there, whereas Chiba & Suzuki (2004) observed only one pair.
Although a breeding failure on Shihon-iwa (#34) is the only breeding record of S. sula in the Bonin Islands, it may breed on Kitaiwo-jima (#60). Dozens of S. sula are observed there nearly every year, and their number has increased (I. Gonoi pers. comm.). This is one of the most widespread booby species in the world (del Hoyo et al. 1992) ; therefore, its breeding on the island would not be surprising. Because individuals may use the island only for resting when they are not breeding, breeding should be confirmed in future studies.
Terns
T. bergii was reported to breed only at Nishino-shima (#64, Kawakami et al. 2005 ). Its population size has changed little over the last few decades (Kurata & Kaneko 1982 , Kohno et al. 1997 , Kawakami et al. 2005 .
The existence of breeding terns on Kangoku-iwa (#62) was first reported by Tokita & Watanabe (2001) . This does not negate the possibility of a past breeding population on this island because Kangoku-iwa was not previously surveyed. Other than this record on Kangoku-iwa, the range of S. fuscata has not changed. A. minutus disappeared from Minamitori-shima (#65). Eight species, including A. minutus were eradicated from Minamitori-shima (#65) before WWII because of overexploitation for feathers and meat (Bryan 1903) ; the population has not recovered.
A. stolidus had the widest geographic range of the terns in the Bonin Islands. This species nested not only on the ground, but also on cli#s (Harrison 1990 ). This flexibility in breeding sites might make its range wider than that of other terns.
E#ects of human settlement
In general, species richness in general increases as the area of an island increases (MacArthur & Wilson 1963 , 1967 . This species-area relationship occurs in the Japanese islands (Higuch 1979) . Our results indicate that this theory applies to the seabirds in the Bonin Islands. Additionally, species richness was lower on islands that experienced human settlement. Human activities (e.g. introduction of domestic animals, habitat destruction, and overexploitation) possibly disturb seabird breeding.
Islands on which more than two species have become locally extinct include Mukojima (#4), Ototo-jima (#14), Ani-jima (#15), Mukoh-jima (#37), Kitaiwo-jima (#60), Iwo-jima (#61), Nishino-shima (#64), and Minamitori-shima (#65). Except for Ani-jima (#15) and Nishino-shima (#64), these islands were inhabited before WWII (Tsuji 1995a). Our analysis of species richness and disturbance is consistent with this observation. On these islands, the seabird fauna has not recovered satisfactorily, although the islands (other than Iwo-jima (#61) and Minamitori-shima (#65); Tsuji 1995b, 1995c) have been uninhabited for more than half a century. Proper seabird breeding environments should be reconstructed.
E#ects of introduced species Hasegawa (1992) suggested that introduced goats might have negative e#ects on seabird breeding. Feral goats are thought to disturb shearwater breeding through nest destruction (by stamping) and soil-erosion (by overgrazing). The impacts of feral goat disturbance on species richness were not significant in the multiple regression analysis, although the SPRC was negative. However the distribution of disturbed islands in Figure  2 suggests the potential impacts of feral goats. These impacts might have been underestimated in the multiple regression analysis because of the restoration of species richness on islands where goats have been eradicated. In the case of Nishi-jima (#18), P. pacificus was discovered in 2005 for the first time since WWII, after most feral goats had been eradicated in 2003 (Japan Wildlife Research Center 2004 .
Many feathers of O. tristrami, which were probably preyed upon by roof rats, were found in burrows on Tori-shima (#5, K. Kawakami & H. Chiba unpublished data). Hasegawa (1992) also found a fresh O. tristrami carcass, which appeared to have been preyed upon by roof rats, on this island. In small burrows, rats may be able to attack not only eggs, but also adult storm petrels, because birds have nowhere to hide.
Roof rats occur on many islands (Kawakami 2002) . Sato (2001) suggested that the disappearance of O. matsudairae from Kitaiwo-jima (#60) might have been caused by egg predation from roof rats that were likely introduced by people living there before WWII. The fact that O. matsudairae has continued breeding only on Minamiiwo-jima (#63) supports this hypothesis because no rats have been detected on the island (Tsukamoto 1983) .
Feral cat predation on seabirds is also a concern (Kawakami 2002 , Kawakami & Fujita 2004 . Breeding colonies of S. leucogaster and P. pacificus, for example, were destroyed by feral cats on Haha-jima (#27, H. Suzuki unpublished data). Feral cats occur on Ototo-jima (#14), Ani-jima (#15), Chichi-jima (#19), Haha-jima (#27), and Iwo-jima (#61, Kawakami 2002) ; the seabird fauna of these islands is relatively poor.
Although our results suggest the potential impacts of introduced animals on seabird breeding, their specific e#ects are not clear. They should be estimated with more detailed information such as the history of introduction, its intensity, and the mechanism by which they a#ect seabird breeding.
Conservation of threatened seabirds
Of the threatened species in the Bonin Islands, P. rubricauda, S. dactylatra, S. sula, and T. bergii are globally widespread (Harrison 1983) . However, D. immutabilis, P. hypoleuca, and O. tristrami breed only in Japan and the Hawaiian Islands, and P. lherminieri bannermani and O. matsudairae breed only in the Bonin Islands (del Hoyo et al. 1992) . Furthermore, the breeding areas of D. immutabilis, P. hypoleuca, P. lherminieri bannermani, and O. matsudairae are limited to at most two islands, and the populations have shown no tendency to increase. Thus, there is great need to conserve these species.
However, little information has been collected to aid conservation of these seabirds. Because all of the islands on which they breed are without recent human habitation, there is currently no fear of further habitat destruction. There are, however, other threats. The e#ects of introduced species, for example, are a substantial concern. However, it is not su$cient to merely decrease the number of introduced species on each island. E#orts to prevent the accidental transport of introduced species from invaded islands are necessary because small rats can hide in ships used to bring sightseers, fisherpersons, and researchers to uninhabited islands. Of course, these activities should be kept to a minimum during the breeding season because they disturb seabird breeding. Social education and laws restricting the use of seabird breeding areas are also required. 
